The initial extraction (E) across the blood brain barrier (BBB) of [99mTc]-d,I-HM-PAO after intra carotid injection was measured in 14 Wistar rats and 6 patients using the double indicator, single injection method with Na-24 as the cotracer. In both series, cere bral blood flow (CBF) was measured using the initial slope of the xenon-133 washout curve after intracarotid bolus injection. In rats, bolus size (20 or 120 ILl), bolus type (saline or 10% albumin), or CBF were changed. First-pass extraction was dependent on CBF (p < 0.001): With a small bolus of saline and at resting CBF (0.75 mUg/min), E was 0.81, decreasing to 0.56 at a high CBF (1.5 ml/g/min). The calculated permeability surface area product (PS) increased linearly from 1.2 to 1.5 ml/g/min when CBF increased from 0.8 to 1.5 ml/g/min (p < 0.01).
Summary:
The initial extraction (E) across the blood brain barrier (BBB) of [99mTc]-d,I-HM-PAO after intra carotid injection was measured in 14 Wistar rats and 6 patients using the double indicator, single injection method with Na-24 as the cotracer. In both series, cere bral blood flow (CBF) was measured using the initial slope of the xenon-133 washout curve after intracarotid bolus injection. In rats, bolus size (20 or 120 ILl), bolus type (saline or 10% albumin), or CBF were changed. First-pass extraction was dependent on CBF (p < 0.001): With a small bolus of saline and at resting CBF (0.75 mUg/min), E was 0.81, decreasing to 0.56 at a high CBF (1.5 ml/g/min). The calculated permeability surface area product (PS) increased linearly from 1.2 to 1.5 ml/g/min when CBF increased from 0.8 to 1.5 ml/g/min (p < 0.01).
E was found to increase when the bolus volume of saline d,l-Hexamethylpropyleneamine oxime (d,l HM-PAO) chelated with technetium-99m has been developed as a tracer for measuring regional cere bral blood flow (rCBF) distribution in humans (Neirinckx et aI., 1987; Sharp et aI., 1985) . The complex e9mTc-d,I-HM-PAO) is lipophilic and dif fuses across cell membranes including the blood brain barrier (BBB) and can thus enter the brain. With a molecular weight of 384 and an octanol water partition coefficient of 80 (Andersen et aI., 1988) , it could be expected that the initial uptake is close to 100% (Hansch et aI., 1967; Fenstermacher et aI., 1984; Dischino et aI., 1983; Levin et aI., 1980) . However, is the exchange of d,l-HM-PAO across the BBB sufficiently rapid at all flow levels so as to was increased from 20 to 120 ILl, while using a 120 ILl bolus containing 10% albumin resulted in a decrease in E. This suggests that HM-PAO binding to albumin is not totally and rapidly reversible during a single passage through brain capillaries and that binding to blood ele ments may reduce the apparent extraction across brain capillaries. In patients using a bolus of 1 ml saline, E decreased linearly with increasing CBF (r = -0.81, p < 0.001). For a CBF of 0.59 ml/g/min and an average appar ent E of 0.72, an apparent PS product of 0.76 ml/g/min was calculated. Analysis of the apparent E vs. time pro files indicated a backdiffusion of the tracer during the experimental period. This could lead to a small underes timation of the actual extraction values. Key Words:
[99mTc]-d,I-HM-PAO-Biood-brain barrier-First-pass extraction-Protein binding-Cerebral blood flow. make the initial tracer uptake solely dependent on blood flow?
In order to investigate some of the relevant phys iological properties of d,l-HM-PAO, we have mea sured the initial fractional uptake, the apparent ex traction (E) across the BBB, as a function of CBF in rats and in humans using the double indicator, sin gle injection method (Chinard et aI., 1955; Crone, 1963; Hertz and Paulson, 1983) . With this method, the venous outflow concentrations of a diffusable test substance and of an impermeable reference substance indicate the extent of trans capillary loss that has occurred during a single passage following an intra-arterial injection of the tracers. The method also allows us to gain a qualitative assessment of HM-PAO backdiffusion (brain to blood) during the short experimental period. This phenomenon is well known for inert and stable lipophilic tracers, whereas complete extraction and the absence of backdiffusion are the desired characteristics for a "chemical microsphere" type of tracer molecule for blood flow measurements using single photon emission computed tomography (SPECT).
METHODS

Reagents and isotope counting
The [99mTc]-d,l-HM-PAO complex was produced by mixing 8 ml of fresh (less than 2 h old) eluent of [99mTc]-pertechnetate 0.11 GBq) taken from a standard generator (Amertec II) in daily use to 0.5 mg of freeze dried d,l-HM-PAO in vials supplied commercially from Amersham International (London, England). Among the four different radiochemical components in the reconsti tuted vials, only the primary [99mTc]-d,I-HM-PAO com plex has the lipophilic properties necessary for significant BBB passage (Andersen et aI., 1988) . The radiochemical purity (RCP) of the reconstituted vial, i.e., the percentage of total activity that was lipophilic [99mTc]-d,I-HM-PAO, was measured using paper chromatography (Neirinckx et al., 1987) and was used to estimate the fraction of extract able tracer.
For the rat studies, the injectate consisted of 20 /-Ll that contained approximately 100 kBq of [99mTc]_ d,l-HM-PAO and 66 kBq of sodium-24 (AEK, Risp, Den mark). In three studies, about 300 kBq In-113m (Amer sham International PLC) was used in addition to the other tracers.
For the patient studies, the injectate consisted of 1 ml that contained 3.7 MBq of sodium-24 and 5.6 mBq of [99mTc]-d,I-HM-PAO.
In a well-type crystal scintillation counter (Packard Au togamma 5385), Tc-99m, sodium-24, and In-113m were determined in whole blood samples using appropriate cor rections for background, channel spillover, and decay.
Experimental studies in rats
Fourteen male Wistar rats weighing 300-500 g were anesthetized with 2-3% halothane in a closed jar. When unresponsive, they were tracheotomized, paralyzed with succinylcholine (35 mg/kg body weight), and connected to a rodent respirator. Anesthesia was maintained with 0.7% halothane in a gas mixture of 70% nitrous oxide and 30% oxygen.
The femoral vein and artery were surgically exposed and cannulated. The artery was connected to a pressure transducer for monitoring mean arterial blood pressure, which was kept above 100 mm Hg by intermittent intra venous transfusions with fresh blood from a donor rat. The rectal temperature was monitored with a thermistor and kept close to 37.0°C by intermittent heating with an electrical bulb.
In all animals, arterial P02, Pc02, and pH were mea sured before and during the experimental period using a conventional micro electrode (BMS MK II, Radiometer, Copenhagen, Denmark). Arterial P02 was kept above 100 mm Hg. CBF was changed by either raising the CO2 con tent of the inhaled gas mixture or by hyperventilation. At each level, the constancy of Pac02 and of CBF was es tablished by repeated blood gas determinations.
Surgical procedure
The carotid vessels on both sides were exposed and the right external carotid artery was ligated and the proximal stump cannulated in a retrograde fash-ion. On both sides, all major extracerebral branches from the common carotid arteries were ligated, with particular attention to the occipital and the ptery gopalatine arteries. These extensive ligations ensure that extracranial tissues that in part drain to the sagittal sinus are not provided with tracer sub stances (Hertz and Bolwig, 1976) .
Venous samples were collected from a blunt sawn-off IS-gauge needle placed in the confluence sinuses, which allowed collection of one drop (about 20 f.LI) of venous blood directly into the counting vessels every 1-2 s, without application of suction. The operative procedures took about 60 min.
For the BBB studies, the bolus containing the radioactive tracers was injected over 1-2 s into the carotid artery just after venous sampling was started. Usually 10-12 venous samples were col lected, allowing estimation of remaining activity from previous runs in the first 2-3 samples and the determination of the whole outflow curve over the following 6-S samples. An aliquot of injectate was mixed with saline prior to the injection and ana lyzed along with the blood samples as a standard. At least 7 min elapsed before the next injection. Usually 3-6 runs could be performed in the same animal.
The reference tracer used (Na-24) has an extrac tion of about 50% relative to a macromolecular (protein) reference in extracranial tissues but only about 1% in the brain (Hertz and Bolwig, 1976) . The virtual elimination of extracranial contamination by the surgical procedure could therefore be tested us ing e 13mIn]-transferrin as a reference substance for sodium-24. A first-pass extraction of Na-24 relative to transferrin of 3-4% showed that only minimal contamination was present with our preparative technique.
In some of the runs, the bolus size and bolus type was changed by adding a small volume of tracer to 120 f.LI of saline or 10% albumin. In these studies, the injection lasted 4 to 5 s. CBF was measured before the BBB estimations and each time a variable (Paco2' bolus size, or bo lus type) had been changed. For each measurement of CBF, a 20 f.LI bolus containing the radioactive, inert gas xenon-133 dissolved in saline was injected into the internal carotid and the washout curve was followed with a collimated NaI(Th) crystal (aper ture S mm) placed over the denuded skull between eye and ear on the side ipsilateral to the injection. The method of CBF calculation (Hertz et aI., 1977; Hemmingsen et aI., 1979) utilizes the initial slope of a semilogarithmic plot of xenon-133 residue clear ance curves and the equation of Olesen et ai. (197 1):
where Ag is the tissue:blood partition coefficient for gray matter taken to be 0.87 mUg, and Do is the initial slope of the semilogarithmic plotted xenon-133 clearance curve. The slope was obtained from the first 10-15 s of the curve. A correction for the activity remaining from pre vious measurements using xenon-133 (or [99mTcj -d,l-HM-PAO) was applied when this activity exceeded 2% of the peak height of the washout curve using a stan dard correction curve (Hemmingsen et aI., 1979; Olesen et aI., 1971) . The correction is based on the assumption that the remaining activity stays constant during the few seconds required for measurement of the initial slope and that the correction is proportional to the remaining activ ity when this constitutes less than 10% of the peak activ ity recorded after the bolus injection.
Pacoz was measured immediately before and after each study of CBF as well as before and after each BBB study of E. The level of CBF was assumed to be constant if the variation of Pacoz was less than ±4-5%.
Studies in patients
Six patients hospitalized for various brain disorders in dicating a carotid angiogram were studied. The angio grams were normal. Focal brain disease in the form of a small infarction was observed on the CT scan in the ip silateral hemisphere of one patient. Another patient had diffuse atrophy on CT, which did not explain the mono lateral symptomatology. CT scans were normal in the re maining four cases.
The informed consent of each patient was obtained ac cording to the principles of the Declaration of Helsinki II.
Technique
Percutaneous punctures were made of the common ca rotid artery on the side appropriate for the carotid angiog raphy and of the contralateral internal jugular vein using the Seldinger technique. A small polyethylene catheter (external diameter 1.2 mm) was introduced into the inter nal carotid artery and another catheter (external diameter 1.7 mm) was placed in the superior jugular bulb. The catheters, which were connected to stopcocks, were fre quently flushed with heparin saline (4 I.U.!ml). For the BBB studies, one to four bolus injections of 1 ml of saline containing the mixture of radioactively labeled tracers was rapidly (about 1 s) injected into the carotid catheter. Simultaneously, a continuous series of blood samples of 1.0 ml each was collected from the venous catheter in heparinized tubes using a sampling machine with a speed of one sample per second. In one patient, a large bolus of 10 ml was injected twice.
Cerebral blood flow was measured using the intra arterial xenon-133 injection method. The washout was followed by means of a dynamic brain dedicated SPECT scanner (Tomomatic 64). It was used as a "single channel detector" by adding all counts per time interval (1 s) to gether. From the semilogarithmically plotted clearance curve, CBF was calculated from the initial slope as de scribed above. CBF was increased by i.v. administration of 1 g of acetazolamide 30 min before the injections in one patient and between the injections in two patients.
Calculations
Sodium-24 served as the intravascular reference tracer since it does not leave the vessels during a single passage through the brain. Since the concentration ratio of refer- 1988 ence substance to test substance in the injectate is known, one may quantify the fractional transcapillary loss of test substance during one passage, i.e., the appar ent fraction of lipophilic [99mTcj-d,l-HM-PAO being ex tracted at time t [E(t)], according to the equation where Cret.(J) and Ctest(t) are sample concentrations of reference and test substances normalized with respect to their injectate concentration at time t, respectively, and, correcting for the fractional content of lipophilic tracer in the injectate, the radiochemical purity (RCP). Given a directly measured E value of 0.60 and a RCP of 0.85, the corrected value of E is 0.60/0.85 or 0.71.
The apparent E values around the peak can be consid ered as the most correct measure of the unidirectional value of E (Hertz and Paulson, 1983 ). In rats, the peak value was used and in the patient studies an integration was carried out for the middle two to three values of E(t) around the peak of the reference curve. The permeability surface area product (P S) was calculated as -F In( 1 -E), where E is the apparent peak extraction and F is the cerebral blood flow measured as described above.
RESULTS
Experimental studies in rats
The first-pass extraction corrected for the RCP of HM-PAO was 0,8 1 ± 0.07 (mean ± SD) ml/g/min at the resting CBF level of 0.75 ± 0. 10 (mean ± SD) mllg/min in eight rats; CBF varied between 0.60 and 1.00 mllg/min. The apparent value of E decreased with increasing CBF (Fig. 1) . For a CBF value be low 0.95 mllg/min, all E values were above 0.70. For CBF values above 0.95, all values except one were below 0.70. This difference is highly significant con sidering all experimental runs collectively (p < 0.001), and also when analyzing the results from each rat separately (sign test, p < 0.05). The SD was 0.07 for repeated determinations of E with con stant Paco2 and injectate volume. A representative rat study is shown in Fig. 2 .
Calculating the permeability surface area product of brain capillaries with respect to HM-PAO gives a value of 1.24 mllg/min for a CBF of 0.75 mllg/min. The calculated P S correlated linearly with CBF and the slope of the correlation line was significantly different from zero (0.00 1 < P < 0.01) ( Fig. 3) , in dicating that P S was CBF dependent.
In 10 rats, we studied the effect of increasing the intracarotid injection bolus size from 20 to 120 J.11. E increased in nine and was unchanged in one. Ana lyzing all these runs (Fig. 1 ) also demonstrated a correlation between E and CBF, but at a signifi cantly higher level of E than with the smaller saline bolus. For the 120 J.11 bolus, the calculated PS prod uct at a CBF of 0.85 mllg/min was 1.85 mllg/min.
In three rats, the injection of the tracer in a 120 J.11 bolus containing 10% albumin resulted in a value of ..
2.0
CBF E below the level seen with both a 120 and a 20 /-LI saline bolus (Fig. 4) . Correspondingly, the calcu lated PS product also fell. In the rat tested at a resting CBF of 0. 74 ml/g/min, the 120 /-LI saline bolus yielded a PS of 1.85 mllg/min, while using the same volume of 10% albumin yielded a PS of 0. 60 mIl g/min.
Studies in patients
With an intracarotid bolus injection volume of 1 ml, the apparent E value of HM-PAO was 0.72 at a resting CBF of 0.59 mllg/min and this corresponds to a PS product of 0. 76 mllg/min. A single patient run is shown in Fig. 6 . The values of E decreased with increasing CBF (Fig. 5 ) and the slope was sig nificantly different from zero (p < 0.001). The linear correlation of E to CBF was E = -0.29F + 0. 90
(1)
In one patient where a 10 ml bolus of saline was injected, the value of E was substantially higher (0.90) at a comparable resting level of CBF (0.55 mllg/min). Surprisingly, E did not fall when the CBF was increased by 30% in this patient.
DISCUSSION
The indicator dilution method
The method yields a measure of the transcapillary loss during a single vascular transit. It is based on the single capillary model assuming that the test concentration in the tissue remains low and back diffusion into blood is minimal during the short ex- 1. The apparent extraction E VS. CBF in rats. E after a 120 ,..., 1 bolus is significant ly higher than E after a 20 ,..., 1 bolus of [99mTcl-d,l-HM-PAO .
perimental period. With [99mTc]-d,I-HM-PAO, the apparent extraction E(t) was increasing during the upslope of the tracer curves to reach a peak value at the peak of the tracer curve and decreasing again at the downslope (Figs. 2 and 6) . The initial increase probably reflects capillary heterogeneity as well as intravascular separation (Hertz and Paulson, 1983) .
The decrease in E on the downslope is due to back diffusion. This indicates that the lipophilic [99mTc]-d,I-HM-PAO is not immediately bound within the brain parenchyma and thus confirms the backdiffusion seen in the intracarotid injection stud ies of Lassen et ai. (1988) . Since backdiffusion is suggested by the downslope, it must also affect the observed peak extraction values; consequently, our apparent extraction values determined around the peak (see Fig. 2 ) somewhat underestimate the true influx extractions. This methodological comment pertains also for the measurement of E for other highly extractable tracers such as xenon-133 (Brod ersen et aI. , 1973) . Thus, the apparent E values de termined for [99mTc]-d,I-HM-PAO in our study probably underestimates the "true" value by a few percent. The measured E pertains to the tissues that have been exposed to the tracers following intraca rotid injection and are drained to the confluent sinus (the site of venous blood sampling). These tissues contribute in proportion to their flow and mass (vol ume). In this sense, the E value obtained is a "flow weighted" average value. This combined with the above mentioned backdiffusion effect imply that E is to be considered an "effective" or "apparent" extraction. It represents a lower estimate of the true extraction. shown.
The CBF measurements
The initial slope xenon-133 clearance method gives a single CBF value weighted towards the fast compartment, the gray matter (Olesen et aI., 1971) . Although the rat brain is predominantly gray mat ter, there are significant regional differences in CBF (Sakurada et aI., 1978) . The CBF value obtained by the present method, therefore, represents an aver age value for the whole brain of the rat. In humans, the gray to white matter weight ratio is about SO/SO and in this situation the initial slope calculation gives a blood flow value that is weighted towards the flow of the gray matter. Therefore, the mean value of CBF in humans is considerably overesti mated by this method of measurement. In the study of Olesen et aI. (197 1) , a normal value of CBF av eraging 0.64 mllg/min was obtained with the initial slope method as compared to O.SO mllg/min using the conventional height over area equation calcu lated for 10 min of clearance on the same experi mental data. 1988 For the patients reported here, an average blood flow of 0.S9 mllg/min was obtained by the initial slope analysis of the xenon-133 data. This value corresponds to a correctly weighted mean CBF of about 0.46 mllg/min, which approximates the nor mal value in humans of O.SO mllg/min (Lassen, 1985) . Thus, the values of E obtained in our human studies can be taken to represent the apparent ex traction of HM-PAO at normal flows in normal adult humans.
The dependency of E on the bolus size and protein concentration of the injected bolus
In the context of evaluating (99mTc]_d,I_HM_PAO as a tracer for CBF, the fractional extraction E of tracer carried to the brain in whole blood is critical.
Since lipophilic HM-PAO rapidly converts to hy drophilic forms in whole blood (Neirinckx et aI., 1987; Andersen et aI., 1988) , we elected to inject the tracers in a small volume of saline. By reducing the size of the injection bolus to a very small volume, we expect that the injectate will be well mixed with blood prior to entering the cerebral microcircula tion. In the rat studies, a sixfold increase in the saline bolus size from 20 to 120 f-LI resulted in a small but significant increase in the apparent extraction. It is unlikely that this effect is due to a transient decrease in CBF (flow velocity through the capil laries). In contrast, a transient increase in CBF caused by the intracarotid injection of the larger volume of a low viscosity and low oxygen contain ing solution is more likely. This was suggested by the slight but consistent acceleration in the rate of effluent blood drops from the confluent sinus noted for a few seconds following the injection. One ex planation for the increase in E with increasing the volume of the saline injection solution could be a proportional reduction in admixture of the tracer with blood as the bolus size increases. This expla nation is supported by the finding that 10% albumin added to the saline injection solution (120 f-LI) de creased E significantly. As shown by the octanol partitioning studies of Andersen et al. (1988) plasma and also blood are much better solvents for the li pophilic [99mTc]-d,I-HM-PAO than saline due to the high partitioning of the tracer to plasma proteins and red blood cells (hemoglobin). Only about 20% of the tracer is in the water phase of whole blood.
The apparent E of 0.70 to 0.80 measured in these studies indicates that HM-PAO partitioning to blood elements is fairly rapidly reversible. How ever, on the basis of HM-PAO lipophilicity (oc tanol-water partition coefficient of 80: 1), an E of 0.70 suggests that binding to the blood elements is not completely reversible during a single passage of the injected bolus through brain capillaries.
In the human studies, where I ml of saline is in jected over about I s, this is probably achieved since the flow in the internal carotid artery is in the order of 5 mlls. Thus, during the irtiection itself, the tracer will be mixed with about a fivefold larger volume of blood. Injecting at this rate diminishes 4. In three studies, a 20 fLl saline (s), 120 fLl saline (1), and 120 fLl 10% albumin in saline (a) bolus injection se quence was performed. The apparent E increased when a 120 fLl saline bolus is used, but decreased when albumin was added to the large (120 fLl) bolus.
tracer streaming and prevents heterogeneous distri bution in the ipsilateral hemisphere. Retrograde in jection at this high rate would probably have been the best technique to obtain a high degree of mixing if ligation of the ipsilateral external carotid artery had been performed (Blacklock et aI., 1986) . The values of E obtained in our human studies would be expected to approximate closely the value using whole blood as the irtiectate solution. Due to the rapid conversion of HM-PAO in whole blood from the lipophilic to the hydrophilic forms (Neirinckx et aI., 1987) , this experiment could not be accurately performed.
The flow dependency of E In both our rat and human studies, E decreases as CBF is increased. If the relationship between PS and F is relatively constant and blood flow in a given region decreases due to occlusive vascular diseases proximal to the ischemic tissue, E might be expected to increase towards 1.0 due to a decrease in the velocity of flow through the ischemic tissue capillaries. If, on the other hand, blood flow is ab normally high, then E might be expected to drop to 0.5 or lower providing the velocity through the mi crovessels increases. In practice, one cannot reli ably measure the initial unidirectional uptake of [99mTc]-d,I-HM-PAO in brain before significant backdiffusion begins to occur during the 5 to 10 s period of measurement after the arrival of the in- 0. 2 0.6 1.0 1. 4 ml/g/min CBF jected bolus in brain capillaries. Since backdiffusion also appears to be blood flow dependent and is greater at high flows, the errors in CBF estimation using HM-PAO as the flow tracer are also exagger ated as discussed by Lassen et al. (1988) .
CONCLUSIONS
The apparent extraction of lipophilic [99mTc]_ d,l-HM-PAO by the human brain is about 0.72 un- der conditions of normal blood flow. The extraction E was shown to correlate inversely with blood flow according to Fig. 1 . The value for normal CBF mea sured in this study was 0.59 mllg/min. If the mea sured flow is corrected for the overestimation in herent in the xenon-133 initial slope method, a value of 0.46 mllg/min is obtained (Olesen et aI., 1971; Lassen, 1985) . Similarly, the slope of the linear equation relating E and Fin Eq. (1) will change from 0.29 to 0. 37 for the same reason and Eq. (1) can be rewritten as E = -0.37F + 0.90 (2) to correct for the overestimation of the xenon-133 initial slope method. Within the limits set by the methods used, the present study shows that the operational or appar ent E for HM-PAO is not close to 1.0 as could be expected from the high octanol-water partition co efficient. The binding of HM-PAO to proteins in blood and backdiffusion of lipophilic tracer from brain to blood causes the apparent E to be lower than 1.0. An apparent extraction of 0.7-0.8 was measured in human subjects; this value is suffi ciently high and does not exclude the use of [99mTc]-d,I-HM-PAO as a tracer to measure CBF.
